Sepsis, a systemic inflammatory response to infection, is a leading cause of death in intensive care units. Recent investigations into the pathogenesis of sepsis reveal a biphasic inflammatory process. An early phase is characterized by pro-inflammatory cytokines (e.g. tumour necrosis factor-a), whereas a late phase is mediated by an inflammatory high-mobility group box 1 and an anti-inflammatory interleukin-10. Inflammation aberrantly activates coagulation cascades as sepsis progresses. This dual inflammatory response concomitant with dysregulated coagulation partially accounts for unsuccessful anti-cytokine therapies that have solely targeted early pro-inflammatory mediators (e.g. tumour necrosis factor-a). In contrast, activated protein C, which modifies both inflammatory and coagulatory pathways, has improved survival in patients in severe sepsis. Inhibition of the late mediator high-mobility group box 1 improves survival in established sepsis in pre-clinical studies. In addition, recent advances in molecular medicine have shed light on two novel experimental interventions against sepsis. Accelerated apoptosis of lymphocytes has been shown to play an important role in organ dysfunction in sepsis and techniques to suppress apoptosis have improved survival rate in sepsis models. The vagus nerve system has also been shown to suppress innate immune response through endogenous release and exogenous administration of cholinergic agonists, ameliorating inflammation and lethality in sepsis models.
A classical view: sepsis as a TNF-mediated inflammatory disorder and failures in anti-TNF treatment Sepsis is the generalized inflammatory response elicited by an infectious process. Severe sepsis is manifested by organ dysfunction (i.e. hypoperfusion, tissue hypoxia, lung injury, etc.), while septic shock is a type of severe sepsis marked by hypotension despite fluid resuscitation [1, 2] . Treating patients with severe sepsis and septic shock has been a great challenge to intensive care specialists. Despite advances in supportive treatments, the mortality and morbidity of septic shock remain high. More than 75 000 patients die of septic shock every year in the US, making this syndrome the leading cause of death in non-coronary ICUs and the tenth most common cause of death overall. The incidence of sepsis increases in patients who are elderly, immune-compromised and undergoing invasive procedures [2] . Since sepsis continues to be a substantial burden on healthcare, it is essential not only to elucidate the pathogenesis but also to develop effective treatments.
The classical view regarding the pathogenesis of sepsis results from hyper-inflammatory responses that mediate the excessive production of cytokines (e.g. tumor necrosis factor-a (TNF-a)) and aberrantly activate the immune system. Both lead to tissue injury and organ dysfunction [1, 3, 4] .
Inflammation is a self-limiting and protective response of the body in which cytokine production is under control and leucocytes are properly activated to eliminate infectious agents. However, aberrant innate immune response to infection has been implicated into triggering dysregulated hyper-inflammatory responses in sepsis [1, 3, 4] . Recognition of bacterial products (e.g. lipopolysaccharide (LPS)) by toll-like receptors (TLRs) on macrophages/monocytes leads to the production of pro-inflammatory cytokines, chemokines and nitric oxide [5] . Engagement of TLRs elicits signalling cascades via the activation of nuclear factor kB (NF-kB). TNF-a plays a pivotal role in the pathogenesis of an early shock state (i.e. hypotension, fever) and at least part of organ dysfunction related to septic shock [1, 3, 4] . TNF-a provokes neutrophilmediated tissue injury by acting on endothelial cells and neutrophils. TNF-a enhances the expression of adhesion molecules intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) as well as chemokines in endothelial cells. TNF-a also activates neutrophils by up-regulating integrin adhesiveness and promoting extravasation to the lungs, liver, gut and so forth. Extravasated neutrophils damage tissues by releasing oxygen free radicals and proteases. In addition, TNF-a amplifies inflammatory cascades in an autocrine and paracrine manner by activating macrophages/monocytes to secrete other pro-inflammatory cytokines.
In the classical view of sepsis, TNF-a constitutes the critical mediator of sepsis, thus supporting the hypothesis that neutralization of TNF-a could ameliorate it [2, 6] . Blocking monoclonal antibodies (mAbs) to TNF-a ameliorated shock and improved survival in LPS-induced experimental septic shock models. Suppression of other pro-inflammatory mediators (interleukin-1 (IL-1), platelet-activating factor and nitric oxide) yielded similar results in pre-clinical investigations [2] . However, when tested in sepsis patients under controlled clinical trials, few anti-pro-inflammatory therapies improved survival, except for the one [7] that modestly reduced mortality rates in a subset of patients with increased IL-6 levels. Rather, inhibition of TNF-a with a high dose of a TNF-receptor-Fc fusion protein worsened patient survival, possibly by inducing an iatrogenic immune-defect that exacerbated infections [8] .
In contrast to sepsis, anti-TNF treatments showed clinical efficacy in other inflammatory diseases such as Crohn's disease [9] and rheumatoid arthritis [10] , suggesting that sepsis is not merely an inflammatory disease but that it involves a distinct pathophysiology. Failures in clinical trails of anti-pro-inflammatory mediator therapies for sepsis suggest the dauntingly complex pathogenesis, which involves a delicate balance between inflammation, anti-inflammation and coagulation [2, 6] . This at least partly explains why anti-mediator therapies that target only inflammation (i.e. anti-TNF-a) have failed to improve survival. In addition, recent investigations into sepsis have revealed the key roles of the late mediators, aberrant apoptotic cell death pathways and neuronal regulation of innate immunity. In this article, we review recent advances in the understanding of pathogenesis as well as potential therapeutic targets in sepsis.
Recent advances in sepsis
Crosstalk between inflammation and coagulation Complex interactions between inflammation and coagulation are involved in the pathogenesis of sepsis [11, 12] . Patients with sepsis exhibit platelet activation, up-regulation of pro-coagulation pathways and down-regulation of anti-coagulation pathways. These abnormal coagulation pathways lead to the formation of micro-vascular thromboses that compromise tissue perfusion and give rise to organ dysfunction. Inflammation in sepsis skews the balance of haemostasis to the pro-coagulation states. In endothelial cells, neutrophils and monocytes, TNF-a and IL-1 induce the expression of tissue factor, which is typically exposed by sub-endothelial cells upon vascular injury. The aberrant expression of tissue factor by TNF-a initiates blood coagulation cascades. Tissue factor then binds to factor VIIa (FVIIa) in circulating blood, thereby forming a tissue factor-FVIIa complex that activates FX to FXa. The latter subsequently converts prothrombin to thrombin. Thrombin, a serine protease, converts fibrinogen to fibrin, which is further stabilized by inter-molecular cross-linking via a transglutaminase FXIII similarly activated by thrombin. In fact, thrombin activates other coagulation factors such as FXI, FV, FVIII and FXIII. In addition, thrombin activates platelets, monocytes and endothelial cells through thrombin receptors. Thus, thrombin acts to form a positive feedback loop that can amplify coagulation as well as other inflammatory cascades.
The thrombin pathway serves as a negative feedback loop that dampens coagulation [11, 12] . Protein C, a plasma protein synthesized in the liver and that circulates in the blood as an inactive zymogen, plays a critical role in this negative feedback process. Protein C is converted by thrombin to its active form, activated protein C (APC) and is deposited onto the surface of endothelial cells to form the thrombinthrombomodulin-endothelial protein C receptor complex. APC with its co-factor protein S inactivates FVa and FIIIa, thereby negatively regulating blood Advances in understanding sepsis 147 coagulation. Defects in the negative feedback by APC can lead to hyper-coagulation states. A genetic protein C deficiency is known to exhibit micro-vascular thrombosis [13] . A missense mutation in FV, Arg506Gln, which generates FV resistance to APCinduced proteolytic inactivation, is associated with an increased risk of venous thrombosis [14] .
In addition to acting as an antithrombotic factor, APC possesses anti-inflammatory properties [11, 12] . It inhibits the production of inflammatory cytokines and the transduction of NF-kB signalling in monocytes stimulated by LPS and thrombin [15] . APC also suppresses endothelial permeability as well as the transendothelial migration of neutrophils [16] . Therefore, APC plays a pivotal role in the negative regulation of coagulation and inflammation. In patients with sepsis, the following observations have been made: serum concentration of protein C is decreased by inflammation [17] , the conversion to APC is reduced [18] and decreased protein C level is associated with poorer outcomes [19] . Furthermore, the administration of APC was shown to have protective effects in a baboon model of lethal Escherichia coli sepsis [20] .
In the controlled clinical trial 'Protein C Worldwide Evaluation in Severe Sepsis (PRO-WESS)', APC (Drotrecogin Alfa (Activated); Eli Lilly and Co., Indianapolis, IN, USA) decreased mortality in those sepsis patients with a low risk of bleeding: 24.7% compared to 30.8% in the placebo-treated group [21] . This result generated considerable excitement: APC became the first specific treatment in a phase III clinical trial to show benefits in patients with severe sepsis. However, the initial enthusiasm greeting APC as a magic bullet for sepsis gradually died down, as further analysis of patient sub-groups showed that APC was beneficial only to the sickest patents, i.e. those with severe sepsis and a high risk of death (APACHE Score equal to or more than 25). A subsequent clinical trial involving severe sepsis patients with a low risk of death (the Administration of Drotrecogin Alfa (Activated) in Early Stage Severe Sepsis (ADDRESS)) was terminated early after an interim analysis found no significant benefits or effectiveness [22] . This study suggested that APC might not be beneficial to low-risk patients.
Identification of a late mediator HMGB1
Kinetic analysis of cytokine production in sepsis has revealed that plasma levels of TNF-a and IL-1 peak at the early stage and decrease to undetectable levels in the late stage [1, 23] . Despite symptoms of shock during the early stage (e.g. hypotension, fever), most instances of mortality in experimental sepsis, as well as in sepsis patients, occur in the late stage. This partially explains why late neutralization of TNF-a, an early mediator of sepsis, failed to halt its progression in clinical trials.
While searching for mediators that play a critical role in the late phase of sepsis, Tracy and colleagues identified the cytokine HMGB1 (high-mobility group box 1) [24] . In an LPS-induced mouse sepsis model, TNF-a peaked 2 h after injection of LPS. However, serum HMGB1 levels began to increase 12-18 h after TNF had peaked. Inhibition of HMGB1 by a specific mAb protected mice from mortality in both LPS-induced and caecal ligation and puncture (CLP)-induced sepsis, even when the antibody was administered after TNF had peaked. Furthermore, administration of recombinant HMGB1 protein recapitulated severe sepsis by inducing lethal organ dysfunction.
Before its re-discovery as a cytokine that mediates lethality in the late phase of sepsis, HMGB1 was originally identified as a chromatin-binding protein in the nucleus that associated with chromosomal DNA [23] . HMGB1 exists ubiquitously in the nucleus of all eukaryotic cells, where by binding to DNA and several transcription factors it plays a critical role in stabilizing nucleosome formation and in regulating transcription. HMGB1 is released from the nucleus to the extracellular space when cells undergo necrotic cell death [23, 24] . As the membrane integrity is disrupted during necrosis, HMGB1 is passively leaked into the extracellular space where it elicits inflammation. Of note, however, is the fact that apoptotic cells do not release HMGB1 extracellularly, since HMGB1 is sequestrated within the nucleus and prevented from release. The differing ability of necrotic and apoptotic cells to release HMGB1 supports the idea that necrotic, but not apoptotic, cells evoke inflammation. In addition to passive release, HMGB1 is actively secreted from macrophages and monocytes upon activation with TNF.
The HMGB1 released into the extracellular space, either from necrotic cells in damaged tissue or from activated macrophages at sites of infection, generates signals that activate immune cells and induce inflammation. It has been proposed that HMGB1 acts as a member of damage-associated molecular pattern molecules (DAMPs), together with S100 and heat shock proteins [23] . Extracellular HMGB1 signals via cell surface receptors such as Receptor for Advanced Glycation Endproducts (RAGE) and TLR2 and TLR4. Extracellular HMGB1 activates macrophages through RAGE and TLR2/4 to secrete TNF-a and other pro-inflammatory cytokines, thereby amplifying inflammatory cascades [23, 25] . By binding to RAGE on endothelial cells, HMGB1 up-regulates ICAM-1 and VCAM-1 expression, and has been implicated in the enhanced accumulation of leucocytes [26] . Furthermore, HMGB1 increases the permeability of gut epithelial cells [27] . Thus, in addition to sustaining inflammation by acting on monocytes and macrophages, the induction of endothelial and epithelial damage could constitute a mechanism of HMGB1 released during sepsis to evoke organ dysfunction.
Several techniques have been developed to inhibit the biological activity of HMGB1 in sepsis. A protein fragment A-box, which contains the DNAbinding domain of HMGB1, competes with intact HMGB1 for binding to RAGE [28] . As a competitive inhibitor, A-box has exhibited a therapeutic effect in sepsis models even when administered after the onset of the diseases. Ethyl pyruvate, a stable and non-toxic derivative of an endogenous antioxidant pyruvic acid, has been shown to not only suppress HMGB1 release from macrophages in vitro but also reduce serum HMGB1 levels and improve survival in sepsis models [29] . The anti-inflammatory effects of ethyl pyruvate are at least partly explained by its ability to interfere with the NF-kB pathway. Ethyl pyruvate is currently being tested against sepsis in pre-clinical settings. In addition, it is being evaluated in a phase II clinical trial to study the protective effects to patients undergoing major cardiac surgery with cardiopulmonary bypass [30] .
Apoptosis of lymphpocytes to cause immunesuppression
Sepsis is characterized by a surge of the proinflammatory cytokines TNF-a and IL-1 at the early stage. However, as the disease progresses, the hyper-inflammatory state during the early stage coverts to the anti-inflammatory state, marked by decreased levels of TNF and increased levels of IL-10 [1, 2, 31] . IL-10 inhibits TNF-a production by macrophages and suppresses expression of costimulatory molecules in macrophages and T-cells. The increased production of IL-10 in the late phase of sepsis is believed to contribute to 'immunosuppression' [31] . Although some patients die of cardiopulmonary collapse in this hyper-dynamic state, many survive and progress into the later stage, a hypo-dynamic state in which IL-10 dominates TNF. Immunosuppression in the late stage of sepsis exacerbates those bacterial infections that are refractory to extensive antibiotic treatment. In addition to increased levels of IL-10, depletion of immune cells by apoptosis has recently emerged as a potential pathological mechanism for immunosuppression in sepsis [32, 33] .
Apoptosis or programmed cell death constitutes an actively controlled 'cell suicide', in which intrinsic machinery triggers intracellular signalling cascades that lead to DNA degradation (i.e. enzymatic fragmentation of the nucleosome) [32, 34] . The other form of cell death necrosis represents an 'accidental cell death' whereby extrinsic insults disrupt cellular integrity, thus killing cells independently of the intrinsic cellular programme. Apoptosis was primarily implicated as a mechanism to remove unnecessary cells following physiological cell death, such as occurs during involution. However, growing evidence has shown that it plays an important role in a wide range of other pathological cell death settings as well.
Similar to a coagulation pathway involving a cascade of zymogen activation reactions, the apoptosis pathway utilizes a family of serine proteases known as caspases, which form intracellular signalling cascades. They in turn lead to the activation of a Dnase (caspase-activated Dnase, CAD), which executes DNA fragmentation. At least two major caspase cascades have been identified in apoptosis [32, 34] . The first cascade is initiated by engaging 'cell death receptors' (e.g. CD95 (Fas), TNF-receptor) by cognate ligands (CD95L (Fas-L), TNF), leading to the activation of caspase 8. The other cascade is initiated from the 'mitochondria' in cytoplasm. Cellular stresses such as reactive oxygen and growth factor deprivation trigger release of the pro-apoptotic cytochrome c, which activates caspase 9. Activation of caspase 8 in the 'cell death receptor' cascade and of caspase 9 in the 'mitochondria' cascade converges to activate caspase 3, which in turn leads to the activation of CAD. Activated CAD carries out the apoptosis programme, cleaving DNA into nucleosomes.
Apoptosis of lymphocytes has been observed both in animal models and in autopsies of patients who have died from sepsis [32, 33] . The extent of apoptosis correlates with the severity of the disease [35] . Lymphocytes are critical for protecting against polybacterial sepsis; e.g. lymphocyte-deficient Rag-1 knockout mice showed decreased survival compared to wild-type mice [36] . Depletion of lymphocytes is believed to compromise the immune system's ability to control infection, thereby contributing to increased morbidity in sepsis. In addition, the presence of apoptotic cells was shown to cause other immune cells to become anergetic. Adoptive transfer of apoptotic, but not necrotic, splenocytes increased mortality in CLP mice [37] . This effect was not observed in interferon-g-deficient mice. Dendritic cells (DC) are a potent inducer of antigen presentation. In contrast to necrotic cells, ingestion of apoptotic cells by DC failed to Advances in understanding sepsis 149 stimulate DC to induce costimulatory molecule expression [38] , which could lead to anergy. The accelerated apoptotic cell death of lymphocytes is thought to be responsible for immunosuppression in sepsis. Enhanced apoptosis has also been observed in vascular endothelial cells [39] and gut epithelial cells [40] under conditions of sepsis. Epithelial and endothelial cell apoptosis is thought to be involved in the genesis of organ dysfunction in sepsis.
Several experimental approaches for suppressing apoptosis protect mice from sepsis lethality, further supporting a causative role of apoptosis for the pathogenesis and/or progression of sepsis [32, 33] . gld mice that have a defect in the death receptor ligand CD95L are less susceptible to sepsis [41] . Transgenic over-expression in lymphocytes of bcl-2, a mitochondrial membrane protein, which antagonizes the apoptosis induced by many triggers, not only conferred lymphocytes a resistance to apoptosis under septic conditions but also improved survival [36] . Recently, it has been reported that the transgenic over-expression of Akt, another anti-apoptosis molecule that functions independently of bcl-2, also decreased sepsis-induced lymphocyte apoptosis and reduced lethality [42] . Caspase inhibitors have been used to block apoptosis as a therapeutic antagonist to sepsis. The broad-spectrum caspase inhibitor zVAD.fmk improved survival in a CLP sepsis model [43] . The protective effects afforded by caspase inhibition were further supported by experiments using a selective caspase-3 inhibitor [44] , as well as a siRNA knockdown of caspase 8 [45] . These results demonstrate that an anti-caspase strategy represents a promising novel treatment for sepsis. Nonetheless, a potential drawback is that caspase inhibition might cause hyper-acute TNF-induced shock [46] . Of note is the fact that APC has been shown to possess anti-apoptotic effects that could contribute to its clinical benefits [47, 48] . APC might constitute an alternative therapeutic approach for inhibiting apoptosis.
Neuronal regulation of inflammation
Crosstalk between the central nervous system (CNS) and the immune system was originally postulated more than two decades ago [49] . Recent investigations have revealed the possibility that communication between the CNS and immune system, via the vagus nerve, can be exploited to suppress inflammation in sepsis [50, 51] . The vagus nerve is a component of the autonomic nervous system that supplies parasympathetic innervations to major organs including the heart, lung and visceral organs. Increasing evidence supports the contention that the vagus nerve also provides innervations to the reticuloendothelial system to monitor and regulate innate immune responses. Inflammation at the periphery is sensed by the CNS through humoral and afferent neural routes [50] . The inflammatory cytokines TNF-a and IL-1 circulating in the blood were shown to gain access to the CNS, where they caused symptoms of sickness (e.g. fever, chills, malaise and anorexia) [52] . Alternatively, the vagus nerve that expresses the IL-1 receptor mRNA and enables IL-1 binding could directly sense inflammatory cytokines and signal this to the brain [53] .
In response to relayed signals indicating peripheral inflammation, the CNS in turn signals to the periphery via the vagus nerve to modify inflammation. Stimulation of the vagus nerve has been shown to suppress macrophage function using the main parasympathetic neurotransmitter acetylcholine (Ach) [54] . Macrophages express the a7 subunit of the nicotinic Ach (a7-nAch) receptor [55] . The cholinergic agonists nicotine and Ach inhibit release of TNF-a as well as HMGB1 from LPS-stimulated macrophages [54, 56] . Interestingly, cholinergic agonists do not block the secretion of anti-inflammatory IL-10 from macrophages. One example of a molecular mechanism by which cholinergic agonists inhibits pro-inflammatory cytokine release from macrophages involves the engagement of the a7-nAch receptor on macrophages, which causes interference with LPS-stimulated NF-kB signalling [57] .
The anti-inflammatory effects of cholinergic agonists have been shown to be effective in vivo. Vagotomy, a surgical interruption of the vagus nerve, augmented TNF production and exacerbated the progression of shock in endotoxemia in rats [58] . In contrast, direct activation of the efferent vagus nerve with electric stimulation attenuated TNF-a release during endotoxiemia and protected animals from shock [54] . Suppression of TNF by electric stimulation was not observed in a7-nAch receptor-deficient mice, confirming the brief that anti-inflammation requires the a7-nAch receptor. Nicotine, a selective cholinergic agonist, inhibited HMGB1 release and improved survival in established sepsis in a mouse CLP model [56] . The protective effects against sepsis stemming from electrical nerve stimulation and a cholinergic agonist were abolished by either splenectomy or selective surgical denervation of the vagus nerve branch to the spleen. This demonstrated the importance of the spleen in the cholinergic anti-inflammatory pathway [59] .
In addition to macrophages, endothelial cells have been shown to express the a7-nAch receptor. They may pose a target for the cholinergic antiinflammatory pathway [57] . Stimulation of endothelial cells with a cholinergic agonist CAP55 suppressed the TNF-induced expression of adhesion molecules ICAM-1, VCAM-1 and E-selectin via inhibition of the NF-kB pathway. Furthermore, electrical vagus nerve stimulation in tandem with the cholinergic agonist inhibited leucocyte migration to a site of inflammation in a mouse air pouch model.
Concluding remarks: the intersection between supportive and anti-mediator treatments
Recent advances in sepsis research have revealed the complex pathophysiology, which involves early and late mediators, accelerated apoptotic cell death, aberrant activation of coagulation and the altered neuronal regulation of immune cells. These new findings constitute a foundation for developing novel therapeutic approaches that interfere with specific mediators in sepsis. While it is imperative to advance our understanding of the pathogenesis of sepsis and to develop specific therapeutics for severe sepsis, the benefits of early goal-directed treatment (EGDT) to sepsis have not only shown the importance of early initiation of supportive therapies but also illustrated how supportive therapies potentially impact on inflammatory and coagulatory pathways. EGDT attempts to reverse persistent global tissue hypoxia in sepsis by employing a comprehensive supportive treatment that reverses early ( ,6 h) haemodynamic perturbations [60] . Patients who received EGDT showed significantly reduced late mortality ( ,60 days) in comparison to those who received a standard therapy. More importantly, the reversal of global tissue hypoxia in sepsis by EGDT reduced pro-inflammatory and pro-coagulatory responses (i.e. decreased plasma IL-8 and D-dimer levels, respectively) [61] . Bearing that notion, it is intriguing to speculate that the benefits of EGDT are due at least in part to its immuno-modulatory effects. Further investigations are needed to determine whether or not therapeutic interventions with specific mediators could result in synergistic or additive effects in concert with the benefits obtained by reversing global tissue hypoxia in sepsis.
